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(57) A device is provided for stimulation of an upper 
airway muscle of a patient to relieve an airway obstruc- 
tion in which stimulation is synchronized with the inspir- 
atory phase of the patient's respiratory cycle. A respira- 
tory effort waveform of the patient is monitored for a 
changes in slope and amplitude of the respiratory effort 
waveform characteristic of the inspiratory phase. Stimu- 
lation is then commenced and concluded according to 
the detected inspiratory phase. 
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Description 

The present invention relates to medical devices 
which employ electrical stimulation in the treatment of 
sleep apnea. 5 

Sleep apnea has been known for some time as a 
medical syndrome in two generally recognized forms. 
The first is central sleep apnea, which is associated with 
the failure of the body to automatically generate the neu- 
romuscular stimulation necessary to initiate and control 10 
a respiratory cycle at the proper time. Work associated 
with employing electrical stimulation to treat this condi- 
tion is discussed in Glenn, "Diaphragm Pacing: Present 
Status", Pace, V. I, pp 357-370 (July-September 1978). 

The second sleep apnea syndrome is known as ob- 15 
structive sleep apnea. Ordinarily, the contraction of the 
dilator muscles of the upper airways (nose and pharynx) 
allows their patency at the time of inspiration. In obstruc- 
tive sleep apnea, the obstruction of the airways results 
in a disequilibrium between the forces which tend to their 20 
collapse (negative inspiratory transpharyngeal pressure 
gradient) and those which contribute to their opening 
(muscle contraction). The mechanisms which underlie 
the triggering of obstructive apnea include a reduction in 
the size of the superior airways, an increase in their com- 25 
pliance, and a reduction in the activity of the muscle di- 
lator. The muscle dilators are intimately linked to the res- 
piratory muscles and these muscles respond in a similar 
manner to a stimulation or a depression of the respiratory 
center. The ventilatory fluctuations observed during 30 
sleep (alternately hyper and hypo ventilation of periodic 
respiration) thus favor an instability of the superior air- 
ways and the occurrence of oropharyngeal obstruction. 
The respiratory activation of the genioglossus has been 
particularly noted to be ineffective during sleep. The car- 35 
diovascular consequences of apnea include disorders of 
cardiac rhythm (bradycardia, auriculoventricular block, 
ventricular extrasystoles) and hemodynamics (pulmo- 
nary and systemic hypertension). This results in a stim- 
ulatory metabolic and mechanical effect on the autonom- 40 
ic nervous system. The electroencephalograph ic awak- 
ening which precedes the easing of obstruction of the 
upper airways is responsible for the fragmentation of 
sleep. The syndrome is therefore associated with an in- 
creased morbidity (the consequence of diurnal hyper- 45 
somnolence and cardiovascular complications). 

A method for treatment of obstructive sleep-apnea 
syndrome is to generate electrical signals to stimulate 
those nerves which activate the patient's upper airway 
muscles in order to maintain upper airway patency. For so 
example, in U.S. Patent 4,830,008 to Meer inspiratory 
effort is monitored and electrical signals are directed to 
upper airway muscles in response to the monitored in- 
spiratory effort. Or, in U.S. Patent 5, 123,425 a collar con- 
tains a sensor to monitor respiratory functioning to detect 55 
an apnea episode and an electronics module which gen- 
erates electrical bursts to electrodes located on the col- 
lar. The electrical bursts are transferred transcutaneous- 
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ly from the electrodes to the nerves innervating the upper 
airway muscles. Or in U.S. Patent 5,174,287 issued to 
Kallok, sensors monitor the electrical activity associated 
with contractions of the diaphragm and also the pressure 
within the thorax and the upper airway. Whenever elec- 
trical activity of the diaphragm suggests that an inspira- 
tion cycle is in progress and the pressure sensors show 
an abnormal pressure differential across the airway, the 
presence of obstructive sleep apnea is assumed and 
electrical stimulation is applied to the musculature of the 
upper airway. Or, in U.S. Patent 5, 178, 156 issued to Wa- 
taru et al, respiration sensing includes sensors for sens- 
ing breathing through left and right nostrils and through 
the mouth which identifies an apnea event and thereby 
triggers electrical stimulation of the genioglossus. Or, in 
U.S. Patent 5, 1 90,053 issued to Meer, an intra-oral, sub- 
lingual electrode is used for the electrical stimulation of 
the genioglossus to maintain the patency of an upper air- 
way. Or in U.S. Patent 5,211,173 issued to Kallok et al, 
sensors are used to determine the effectiveness of the 
stimulation of the upper airway and the amplitude and 
pulse width of the stimulation are modified in response 
tothe measurements from the sensors. Or in U.S. Patent 
5,21 5,082 issued to Kallok et al, upon sensing of the on- 
set of an apnea event, a stimulation generator provides 
a signal for stimulating the muscles of the upper airway 
at a varying intensity such that the intensity is gradually 
increased during the course of the stimulation. However, 
even with these modes of therapy there remain many 
practical difficulties for implementing them in a medically 
useful treatment system. In particular, if stimulation oc- 
curs in response to detected inspiration or to misde- 
tected apnea events, it is important to be able to accu- 
rately detect the points at which stimulation is to be ap- 
plied. 

It is therefore an object of the invention to provide 
an apnea treatment device and method which includes 
practical and reliable detection of the inspiration portion 
of the respiratory cycle. 

According to one aspect of the invention, there is 
provided a device for providing stimulation of an upper 
airway muscle of a patient to relieve an airway obstruc- 
tion, said stimulation synchronized with the inspiratory 
phase of the patient's respiratory cycle, said device com- 
prising: 

a) monitoring means for monitoring a respiratory 
effort waveform of the patient for a characteristic of 
an inspiratory turn point; and 

b) stimulation means associated with said monitor- 
ing means for commencing stimulation in response 
to a detected inspiratory turn point. 

A respiratory effort waveform of the patient is mon- 
itored for a change in slope of the respiratory effort wave- 
form characteristic of an inspiratory turn point and stim- 
ulation is then commenced in response to the detected 
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turn point. Alternatively, the respiratory effort waveform 
can be monitored for a predetermined amplitude char- 
acteristic of an inspiratory turn point and stimulation can 
then be commenced in response to the detected turn 
point. In a preferred embodiment, the respiratory effort 
waveform is monitored for the inspiratory turn point by 
both the change in slope and the achievement of a pre- 
determined amplitude. By activating stimulation when ei- 
ther of these turn point criteria are met, more reliable syn- 
chronization of stimulation can be achieved. 

The change in slope can be determined by a com- 
parison between a moving average slope value and a 
current slope for the respiratory effort waveform. Prefer- 
ably, the moving average slope is a weighted average 
(such as an exponential average) which places the 
greatest weight on the most recent slope values in the 
average. The waveform slope value itself can be 
achieved by sensing a signal characteristic of respiratory 
effort of the patient sampling the sensed signal at a pre- 
determined interval to provide a digitized respiratory ef- 
fort waveform, and determining the difference between 
the most recent amplitude value and the next most re- 
cent amplitude value. This can be done continuously as 
the signal for the waveform is received with each sam- 
pled value used to compute a new current slope and also 
included in the moving average computation. The 
change in slope characteristic of an inspiratory turn point 
can be determined by comparing the current slope with 
the moving average slope to see whether it is above a 
predetermined value. The current slope value that is 
characteristic of a turn point is therefore typically in the 
range of about 1 .5 to 5 times the moving average slope 
which can be programmed into the apnea treatment de- 
vice according to the needs of the patient. 

With respect to the detection of the inspiratory turn 
point by means of a predetermined amplitude, this can 
also be determined from averages taken from the respi- 
ratory effort waveform. Therefore, an average 
peak-to-valley amplitude for the waveform can be deter- 
mined and the amplitude required for the detection of the 
inspiratory turn point can be determined as a function of 
the average amplitude. For example, the predetermined 
amplitude for the turn point can be determined to be the 
lowest amplitude value of the respiratory cycle plus an 
amount in the range of about 1 5% to 30% of the average 
peak-to-valley amplitude. The actual percentage could, 
of course, be programmed into the apnea treatment de- 
vice according to the needs of the patient. 

The determination of amplitude can be made in 
much the same manner as that described above for the 
slope determination. A signal characteristic of respirato- 
ry effort of the patient is sampled at a predetermined in- 
terval to provide a digitized respiratory effort waveform. 
The highest and lowest amplitude values of the digitized 
waveform are then determined for a plurality of succes- 
sive respiratory cycles and the difference between the 
highest and lowest amplitude values for each respiratory 
cycle is noted. An average is then determined for the plu- 



rality of amplitude value differences. Preferably, the av- 
erage is also a weighted average which gives the most 
weight to the most recent respiratory cycles. An expo- 
nential average is most preferred. 
5 Once the inspiratory turn point is detected, the stim- 
ulation treatment for obstructive apnea can be com- 
menced. Stimulation can be started immediately in the 
same respiratory cycle or it can be delayed until the next 
respiratory cycle. By starting stimulation in the next res- 
10 piratory cycle, the stimulation can be made to anticipate 
the inspiratory turn point. For example, a representative 
respiratory cycle time can be determined for the patient 
by averaging the times between the detected inspiratory 
turn points in previous respiratory cycles. The time when 
15 the inspiratory turn point is detected is then noted and 
the time for commencement of stimulation is then deter- 
mined as a function of the respiratory cycle time and 
when the inspiratory turn point is detected. For example, 
stimulation can be commenced at the respiratory cycle 
20 time minus an amount of time in the range of about 
50-1000 milliseconds following detection of the inspira- 
tory turn point. 

The synchronization of stimulation with the inspira- 
tory phase of the patient's respiratory cycle also requires 
25 that the stimulation be concluded in a reliable fashion at 
the end of the inspiratory phase. Therefore, in another 
aspect of the present invention, the sensing and sam- 
pling of the respiratory effort signal is also used to deter- 
mine the inspiratory peak. Thus, a signal characteristic 
30 of respiratory effort of the patient is detected and sam- 
pled to provide a digitized respiratory effort waveform. A 
moving average slope is determined for the waveform 
and a point in time is identified at which the moving av- 
erage slope first becomes negative. An interval is then 
35 timed out after the moving average slope becomes neg- 
ative and the moving average slope is checked at the 
end of that interval to see that it is still negative. This ad- 
ditional check ensures that a true inspiratory peak has 
been detected before stimulation is concluded. The time 
40 interval effective for checking the peak is typically in the 
range of about 5% to 20% of the patient's respiratory cy- 
cle time. The stimulation can then be immediately turned 
off upon detection of a confirmed inspiratory peak. 

In the event that a confirmed inspiratory peak is not 
45 detected, patient safety can be ensured by an alternative 
method for turning off stimulation which simply con- 
cludes stimulation after a predetermined period of time. 
For example, the time that stimulation has been active 
is monitored and after about 1 .5 to 3.5 seconds the stim- 
50 ulation is discontinued if an inspiratory peak has not been 
detected. 

The same monitoring of the respiratory effort wave- 
form for inspiratory turn point and inspiratory peak set 
forth above can also be used to distinguish the respira- 
55 tory waveform from signal artifacts such as cough or 
movement artifacts. For example, the respiratory wave- 
form can be monitored for a parameter characteristic of 
an inspiratory turn point and stimulation can be com- 
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menced in response to the detected turn point. At the 
same time the respiratory effort waveform can be moni- 
tored for an artifact not characteristic of normal respira- 
tory activity. Once an artifact is detected, stimulation can 
be turned off upon detection of the artifact so that the 
patient is not being stimulated in response to inappropri- 
ate signal criteria. The artifact can be detected by mon- 
itoring the respiratory effort waveform for a parameter of 
the waveform characteristic of a body movement or a 
cough by comparing the parameter value with a prede- 
termined limit. The parameter can be any number of pa- 
rameters which would be sensitive to irregularities in the 
waveform such as inspiratory rise time, inspiratory 
time-to-peak, time of inspiratory onset to expiratory off- 
set, inspiratory peak-to-peak time, expiratory 
peak-to-peak time and breath-to-breath time. The irreg- 
ularities in the waveform can then be detected by check- 
ing the waveform against a limit value suitable for the 
parameter. For example, if the parameter is inspiratory 
rise time, a time of less than 220 milliseconds indicates 
an artifact rather than a valid respiratory signal. Or, for 
example, an inspiratory time-to-peak of less than 750 
milliseconds indicates an artifact. Or, a time of inspiratory 
onset to expiratory offset of less than 1000 milliseconds 
indicates an artifact. 

In yet another aspect of the invention, to bring the 
signal into the center of the maximum digital range for 
the device, an average offset for the digitized waveform 
is determined and the sensed signal is adjusted to bring 
the average offset into the center of a predetermined 
maximum digital range. To provide an appropriate am- 
plitude for the waveform, an average peak-to-peak am- 
plitude for the digitized waveform is determined and the 
average peak-to-peak amplitude is then adjusted to 
bring the average peak-to-peak amplitude into the range 
of about 60-90% of the maximum digital range. By se- 
lecting an appropriate sampling interval and digital range 
for the waveform, the resolution of the waveform can al- 
low parameters characteristic of valid respiratory signals 
to be evaluated which will allow stimulation output from 
the apnea treatment device to be synchronized with the 
inspiratory phase of the patient's respiratory cycle. For 
example, a sampling interval of less than about 1 00 mil- 
liseconds is desirable with a predetermined maximum 
digital range of the system. At least a four bit range (i.e. 
a range of values for the signal of 0-15) could be used 
while an eight bit range (i.e. a range of values for the 
signal of 0-255) or higher is preferred for better resolution 
of the waveform. 

The signal output is typically adjusted by adjusting 
its voltage to maintain it in the range of about 0-5 volts. 
The average offset is first determined by taking digitized 
waveform values at one second intervals over a period 
of about eight seconds and then averaging them. Since 
the most recent values for the signal contain the most 
important information on the current signal level, it is pre- 
ferred that the average for the average offset be weight- 
ed in favor of the most recent values. This can be ac- 



complished, for example, by exponential averaging of 
the waveform values. 

In order to provide good resolution for the waveform, 
it is important to use the maximum digital range for the 
5 device without causing the clipping of waveform peaks. 
Typically, 60% to 90% of the maximum range of the de- 
vice should be used. This is accomplished by averaging 
the peak-to-peak amplitude of the waveform for about 
eight respiratory cycles and then adjusting the amplitude 
10 of the signal voltage to bring the digitized waveform am- 
plitude to the desired average range. 

In another aspect of the invention, there is provided 
an apparatus for initializing a respiratory effort waveform 
comprising: 

15 

(a) parameter preselecting means for preselecting 
an initial value for a parameter characteristic of a 
valid respiratory effort waveform; 

20 (b) sensing means for sensing a signal having an 
output characteristic of respiratory effort of the 
patient; 

(c) sampling means associated with said sensing 
25 means for sampling the signal at a predetermined 

interval to provide a digitized respiratory effort wave- 
form; 

(d) offset determining means associated with said 
30 sampling means for determining an average offset 

for the digitized waveform; 

(e) output adjusting means associated with said off- 
set determining means for adjusting the signal out- 

35 put to bring the average offset into the center of a 
predetermined maximum digital range; 

(f) amplitude determining means associated with 
said sampling means for determining an average 

40 peak-to-peak amplitude for the digitized waveform; 

(g) amplitude adjusting means associated with said 
amplitude determining means for adjusting the aver- 
age peak-to-peak amplitude to bring the average 

45 peak-to-peak amplitude into the range of about 
60-90% of the maximum digital range; 

(h) parameter determining means associated with 
said sampling means, said offset adjusting means 

50 and said amplitude adjusting means for determining 
a value for the parameter from the adjusted wave- 
form; 

(i) parameter averaging means associated with said 
55 parameter preselecting means and said parameter 

determining means for averaging the determined 
parameter value with the preselected initial value. 
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An initial value for a parameter characteristic of a 
valid respiratory effort waveform is preselected and held 
in memory in the device. This parameter can be : for ex- 
ample, inspiratory rise time, inspiratory time-to-peak, 
time of inspiratory onset to expiratory offset, inspiratory 
peak-to-peak time, expiratory peak-to-peak time and 
breath-to-breath time. As set forth above, a signal char- 
acteristic of respiratory effort of the patient is then sensed 
and sampled at a predetermined interval to provide a dig- 
itized respiratory effort waveform and the waveform is 
adjusted as to its average value and average amplitude. 
The adjusted waveform is then analyzed to determine a 
value for the parameter and an average parameter value 
is determined which includes the preselected initial value 
for the parameter. The parameter can then be evaluated 
to determine whether a valid respiratory effort signal has 
been detected and whether stimulation of the patient 
may be commenced. The effect of this embodiment of 
the invention is to provide more rapid detection of the 
valid respiratory signal and the inspiratory phase of the 
respiratory cycle after the device has been turned on. 

The initial setting for the parameter depends on the 
parameter being tested. For example, where the param- 
eter is inspiratory rise time, the initial value may be in the 
range of about 1200 to 1800 milliseconds. Or, if the pa- 
rameter is inspiratory time-to-peak, the initial value may 
be in the range of about 2000 to 3000 milliseconds. Or, 
if the parameter is time of inspiratory onset to expiratory 
offset, the initial value may be in the range of about 3000 
to 4500 milliseconds. Or, if the parameter is a respiratory 
cycle time parameter such as inspiratory peak-to-peak 
time, expiratory peak-to-peak time or breath-to-breath 
time, the initial value is may be the range of about 10 to 
15 seconds. 

In yet another aspect of the invention, there is pro- 
vided an apparatus for determining the validity of a res- 
piratory effort waveform from a signal having non-respi- 
ratory artifacts comprising: 

(a) monitoring means for monitoring a respiratory 
effort waveform of the patient for at least one param- 
eter of the waveform characteristic of a non-respira- 
tory artifact; and 

(b) comparison means associated with said moni- 
toring means for comparing the parameter value 
with a predetermined limit. 

The parameter is then compared with a predeter- 
mined limit to determine whether a valid respiratory 
waveform has been detected. This method of waveform 
detection is based on the observed differences between 
the slow, regular respiratory effort waveform traces 
made during normal respiration during sleep and the 
much more rapid traces made by a cough or body move- 
ment. The selected parameter of the waveform can be, 
for example, inspiratory rise time, inspiratory 
time-to-peak, time of inspiratory onset to expiratory off- 



set, inspiratory peak-to-peak time, expiratory 
peak-to-peak time or breath-to-breath time. For exam- 
ple, a rapid rise in the waveform following detection of 
the start of inspiration is more characteristic of move- 
5 ment of the patient's body than it is of respiration during 
sleep. One can therefore monitor the inspiratory rise time 
of the respiratory effort and unless it is more than about 
220 milliseconds, it can be concluded that what has been 
detected is an artifact, not a valid waveform. Further, if 
10 the inspiratory rise time is more than a predetermined 
time, it is possible that the valid respiratory waveform is 
no longer being tracked by the system. This can be de- 
termined by reference to a baseline average for the pa- 
rameter. For example, if the inspiratory rise time is more 
15 than the baseline average plus an amount in the range 
of about 625 to 950 milliseconds, it is probable that a 
valid respiratory waveform is no longer being tracked. 
Limits for other parameters can be similarly established. 
For example, if the monitored parameter is the inspira- 
20 tory time-to-peak time, a time of more than 750 millisec- 
onds and less than a baseline average for the parameter 
plus an amount in the range of about 875 to 1300 milli- 
seconds is indicative of a valid respiratory waveform. Or, 
if the monitored parameter is the time of inspiratory onset 
25 to expiratory offset, a time of more than 1000 millisec- 
onds and less than a baseline average for the parameter 
plus an amount in the range of about 1125 to 1700 mil- 
liseconds is indicative of a valid respiratory waveform. 
Or, if the monitored parameter is the inspiratory 
30 peak-to-peaktime or the expiratory peak-to-peak time or 
the breath-to-breath time (measures of length of a single 
respiratory cycle), a time of less than 2000 milliseconds 
and less than a baseline average for the parameter plus 
an amount in the range of about 2000 to 4000 millisec- 
35 onds is indicative of a valid respiratory waveform. 

If additional evidence of a valid respiratory waveform 
is desired, multiple parameters can be monitored and 
compared with their respective limits before a determi- 
nation as to the validity of the waveform is made. Also, 
40 the value of the parameter can be an average value rath- 
er than a single data point. For example, two or three 
val ues for the parameter can be averaged and compared 
with the predetermined limit. 

Since it is desirable in apnea treatment to limit elec- 
ts trical stimulation of the patient to the inspiratory phase 
of the respiratory cycle, a valid respiratory effort wave- 
form should be available to synchronize the initiation and 
termination of stimulation with inspiration. Therefore, 
when a valid respiratory effort waveform is not detected, 
50 electrical stimulation is suppressed. 

In yet another aspect of the invention, there is pro- 
vided an apparatus for determining the validity of a res- 
piratory effort waveform from a signal having non-respi- 
ratory artifacts comprising: 

55 

(a) monitoring means for monitoring a respiratory 
effort waveform of the patient for at least one param- 
eter of the waveform characteristic of a non-respira- 
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tory artifact; and 

(b) comparison means associated with said moni- 
toring means for comparing the parameter value 
with a predetermined limit. 

This is based on the recognition that as respiratory 
airflow of the patient decreases in an obstructive apnea 
event, the respiratory effort of the patient increases in an 
effort to move air through the obstruction. The waveform 
is therefore monitored for a parameter characteristic of 
the patient's level of respiratory effort which is averaged 
over successive respiratory cycles to provide a baseline 
average. Typically, this parameter would be an amplitude 
parameter of the waveform such as the difference in am- 
plitude between an inspiratory peak and an expiratory 
peak of the waveform in a particular respiratory cycle. A 
limit value is then generated from the baseline average. 
For example, the limit value may be preprogrammed into 
the device to provide a limit value in the range of about 
1 1 5% to 1 50% of the baseline average according to the 
needs of the patient. In each respiratory cycle, the value 
for the parameter is compared with the limit value and if 
the limit value is exceeded, an apnea event is detected. 
Electrical stimulation can then be applied to a muscle of 
the upper airway upon detection of the apnea at a level 
which restores patency to the airway. The stimulation 
can be enabled by stimulation to immediately relieve the 
apnea or by enabling stimulation in synchrony with the 
next inspiratory cycle. 

The baseline average calculation can be undertaken 
shortly after the device is turned on or it can be a calcu- 
lation that is continually updated to take account of 
changes in the patient's breathing. In the first instance, 
the average calculation can be made between 2 and 5 
minutes after the device first detects a valid respiratory 
waveform and is then stored for reference throughout the 
treatment cycle. In the second instance, the calculation 
can be made as a moving average, preferably a weight- 
ed moving average (such as an exponential average) 
which places a greater weight on the most recent values 
for the parameter. The baseline value is then updated 
with each respiratory cycle and used to calculate a limit 
value which is compared with the parameter value for 
the next respiratory cycle. 

Additional refinements to the apnea detection can 
be achieved by analyzing two to five successive respira- 
tory cycles which may indicate the apnea more clearly. 
For example, one may not regard the apnea as having 
been detected by the fact that one parameter value ob- 
tained during a single respiratory cycle is above the limit 
value. Additional respiratory cycles may therefore be 
monitored to determine whether they are also above the 
limit value. Also, one may wish to have the device look 
for the increase in respiratory effort amplitude over suc- 
cessive respiratory cycles that is characteristic of an ob- 
structive apnea event. 

The following is a description of preferred embodi- 



ments of the invention, given by way of example only, 
with reference to the accompanying drawings. 

Fig. 1 is a side sectional diagram of a patient having 
normal respiratory activity. 

5 Fig. 2a-c are graphs of normal respiratory wave- 

forms (shown with full normal inspiration at the peak). 
Fig. 2a shows a respiratory effort waveform and indicat- 
ed phases of the respiratory effort waveform. Fig. 2b 
shows a graph of a respiratory airflow waveform with Fig. 

10 2c showing the corresponding respiratory effort wave- 
form. 

Fig. 3 is a side sectional diagram of the patient of 
Fig. 1 at the onset of to obstructive apnea. 

Figs. 4a and 4b are respiratory waveforms of inspir- 
es atory effort showing normal inspiratory effort (Fig. 4a) 
and the change in normal inspiratory effort at the onset 
of an apnea event (Fig. 4b). Fig. 4c is a respiratory wave- 
form showing respiratory airflow (as opposed to the res- 
piratory effort waveform shown in Figs. 4a and 4b) in a 
20 patient during an apnea event. 

Fig. 5 is a block diagram of one embodiment of the 
apnea treatment device according to the present inven- 
tion. 

Fig. 6 is a block diagram of the upper airway trans- 
25 mitter/cont roller of Fig. 5. 

Fig. 7 is a top plan view of the RF output antenna of 
Fig. 6 coupled to an implanted receiving antenna. 

Fig. 8 is a diagram of the control panel for the upper 
airway transmitter of Fig. 6. 
30 Figs. 9a and 9b are waveforms showing the syn- 
chronization of stimulation from the upper airway trans- 
mitter of Fig. 5 (Fig. 9b) with the respiratory waveform 
(Fig. 9a). 

Fig. 1 0 is a waveform showing the shaping provided 
35 by the microprocessor, D/A converter and stimulus shap- 
er of Fig. 6 to make the stimulus burst window of Fig. 9b. 

Fig. 11 is a waveform showing two stimulus burst 
windows as in Fig. 10 and the burst interval. 

Fig. 12 is a waveform according to Fig. 11 synchro- 
40 nized to the respiratory waveform. 

Fig. 1 3 is a waveform according to Fig. 1 2 indicating 
the cessation of stimulation in the presence of a cough 
or movement artifact. 

Fig. 1 4 is a waveform according to Fig. 1 2 indicating 
45 the cessation of stimulus due to the presence of "artifac- 
tual" inspiratory signals outside the ordinary refractory 
period of the respiratory waveform. 

Fig. 1 5 is a waveform according to Fig. 1 2 indicating 
the truncation of the stimulus burst in response to a per- 
50 sistent inspiratory signal in the respiratory waveform. 

Fig. 16 is a waveform showing the oscillator signal 
to be combined with each stimulus burst of Figs. 10-15, 
the oscillator turned on in response to a signal from the 
microprocessor. 
55 Fig. 17 is an output waveform for the device of Fig. 
6 taken at the antenna output showing the shaped stim- 
ulus burst window of Fig. 1 0 with combined oscillator sig- 
nal of Fig. 16 and RF carrier delay. 
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Fig. 18 is a respiratory waveform acquired by the 
respiratory transducer of Fig. 6 with indicated analysis 
points for an inspiratory cycle. 

Fig. 19 is a respiratory waveform according to Fig. 
18 with a cough artifact. 

Fig. 20 is a respiratory waveform according to Fig. 
18 with a movement artifact. 

Fig. 21 provides a comparison between the respira- 
tory effort waveform according to Fig. 18 during an apnea 
event (Fig. 21b) with the waveform for inspiratory airflow 
(Fig. 21a). 

Figs. 22a-c is a block diagram for the analysis of the 
respiratory waveform and initiation of stimulation accord- 
ing to the device of Fig. 6. 

Fig. 23 is a block diagram for the operation of the 
device of Fig. 6 in response to arousal of the patient. 

Fig. 24 is an amplitude ramping and delay function 
activated in response to patient arousal according to Fig. 
23. 

Fig. 25 is a diagram of a circuit for filtering and am- 
plifying the respiratory effort signal of the device of Fig. 6. 

Fig. 26 is a diagram of a circuit for the gain control 
of the device of Fig. 6. 

Fig. 27 is a diagram of a circuit for the A/D converter 
of the device of Fig. 6. 

Fig. 28 is a diagram of the D/A converter and stim- 
ulus shaper of the device of Fig. 6. 

Fig. 29 is a diagram of the RF oscillator of the device 
of Fig. 6. 

Fig. 30 is a diagram of the antenna output of the de- 
vice of Fig. 6. 

Figs. 31a and 31b are diagrams of operable resets 
of the device of Fig. 6 including power-on reset (Fig. 31 a) 
and manual reset (Fig. 31b) 

Fig. 32 is a diagram of circuit for the panel indicators 
of the control panel of Fig. 8. 

Fig. 33 is a diagram of the apnea treatment device 
of Fig. 5 as it is applied to a patient. 

Fig. 34 is an embodiment of the invention using an 
implanted pulse generator and implanted intrathoracic 
pressure sensor. 

The present invention relates to an apparatus for 
treatment of obstructive apnea by administering stimu- 
lation of the musculature of the upper airway in synchro- 
ny with the inspiratory phase of the respiratory cycle. In 
Figs. 1 and 2a-c, normal respiratory activity is depicted. 
I n Fig. 1 , a patient 1 0 has an airway 1 5 which is remains 
patent during inspiration of air 20. Fig. 2a shows a typical 
respiratory effort waveform for two complete respiratory 
cycles. This analog waveform can be generated by a belt 
transducer (e.g. an EPMS Systems Resp-Ez Respirato- 
ry Belt Transducer) worn snugly about the chest of the 
patient. This is a conventional type of belt transducer that 
is used for detection and analysis of sleep apneas in 
sleep laboratories. Each wave of the waveform is char- 
acterized by a negative peak 30 on completion of expi- 
ration, a positive peak 35 on completion of inspiration 
and a turning point 40 which indicates the onset of inspi- 



ration. Each wave of the waveform can therefore be sep- 
arated into a period of respiratory pause 32 ; an inspira- 
tory phase 33 and an expiratory phase 34. Respiratory 
effort waveforms having the same identifiable character- 

5 istics can be provided by monitoring other physiological 
signals such as intrathoracic pressure, intrathoracic im- 
pedance or electromeyographic potentials. Other char- 
acteristics of the waveform could also be identified in 
connection with tracking and analyzing the respiratory 

10 waveform to monitor respiratory activity in sleep apnea 
treatment. In normal respiration, the respiratory effort 
waveform is related to airflow as set forth in Figs. 2b and 
2c. In Fig. 2b a trace of normal respiratory airflow from 
a flow transducer is shown while Fig. 2c shows the cor- 

15 responding trace of the normal respiratory effort which 
produces the airflow. 

In Figs. 3 and 4b, respiration in the same patient at 
the onset of an obstructive sleep apnea event is depict- 
ed. Fig. 3 shows the patient 10 and airway 15 with an 

20 airway obstruction 1 7 that is characteristic of an obstruc- 
tive apnea event. Fig. 4a shows that in a normal respi- 
ratory effort waveform 43, the inspiratory peaks 45 a-d 
are of approximately the same amplitude. By compari- 
son in Fig. 4b, in a waveform 47 the inspiratory peaks 50 

25 a-d become significantly greater in amplitude at the on- 
set of obstructive apnea than the immediately preceding 
inspiratory peak 52. This is reflective of the increased 
inspiratory effort undertaken by the patient in response 
to the difficulty of breathing through the obstructed air- 

30 way. 

In the device of the present invention, the increased 
respiratory effort is avoided by synchronized stimulation 
of a muscle in the upper airway which holds the airway 
open during the inspiratory phase. Preferably, the mus- 

35 cle stimulated is the genioglossus muscle stimulated by 
a cuff electrode placed around the hypoglossal nerve. 
The effect of this stimulation on obstructive sleep apnea 
can be seen in the airflow trace of Fig. 4c. During a first 
period indicated as 53a ; stimulation is enabled producing 

40 a normal respiratory airflow. During a second period in- 
dicated as 53b, stimulation is disabled causing obstruc- 
tion of the airway and reduction in airflow volume (ap- 
nea). During a third period indicated as 53c, stimulation 
is resumed, restoring patency to the airway and increas- 

45 jng airflow volume. A block diagram of the principal ele- 
ments of a device which can accomplish this is shown in 
Fig. 5. That device includes a transmitter/controller 55 
which is capable of sensing the inspiratory phase and 
transmitting an electrical stimulus pulse to muscles of the 

50 upper airway. The transmitter/controller 55 could be ei- 
ther an implantable or an external device but the follow- 
ing description will relate primarily to a battery powered 
external device. A respiratory transducer 60 such as a 
conventional belt transducer sends respiratory wave- 

55 form information to the transmitter/controller 55 which 
sends stimulus pulses through an antenna/electrode 
system 65 to stimulate the muscles of the patient. The 
antenna/electrode system can be a conventional system 
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for bipolar RF coupled muscle stimulation (e.g. a 
Medtronic model 3538A RF Antenna coupled to a 
Medtronic Model 3642B Bipolar Receiver and Medtronic 
Model 3990 Half Cuff Nerve Electrode). As described 
therein, a surgically implanted receiving antenna, lead 
and electrode are radio frequency coupled transcutane- 
ous^ to an external transmitting antenna that is attached 
to the transmitter/controller. A highly desirable addition 
to such a system is that of a programmer 70 (such as a 
laptop PC with serial communication software) which is 
capable of programming the transmitter/controller 55 
with various parameters in order to adapt the device to 
a particular patient. The device of Fig. 5 is therefore 
adapted to be programmed by the doctor and thereafter 
used each night by the patient to prevent the closure of 
the upper airway during the inspiratory phase of the res- 
piration cycle. It will be apparent to those skilled in the 
art that such a device must be made to be easy to use 
by the patient and since it is used without constant med- 
ical supervision, it must be able to safely adapt to many 
different operating conditions. 

Fig. 6 is a block diagram of the transmitter/controller 
55 of Fig. 5. A microprocessor 75 (Motorola 68HC05B6) 
controls the principal operations of the transmitter/con- 
troller 55. A respiratory transducer 80 on a respiratory 
belt (EPMS Systems Resp-Ez Respiratory Belt Trans- 
ducer) produces a raw differential respiratory waveform 
signal from about +/- 10 to +/-100 millivolts. The signal 
is typically the electrical output of the terminals of a pie- 
zoelectric crystal mounted on the respiratory belt. The 
signal from the transducer 80 is coupled to filter/amplifier 
circuitry 85 which filters and amplifies the differential sig- 
nal so that it is compatible with an analog/digital convert- 
er 95. An output 87 to the microprocessor 75 indicates 
whether the respiratory transducer 80 is connected to the 
transmitter/controller 55. This allows the microprocessor 
75 to produce an error indication and/or shut down the 
stimulus from the device when the respiratory transducer 
80 is not connected. A gain control 90 is coupled to the 
circuitry providing the respiratory offset signal 85. The 
gain control 90 includes an output 92 to the microproc- 
essor 75 and an input 93 from the microprocessor 75 
which sets the signal at a proper level for use by the an- 
alog/digital converter 95. The analog/digital converter 95 
is coupled to the gain control 90 and to the microproces- 
sor 75. The analog/digital converter 95 produces a digital 
output to the microprocessor 75 in the range from 0-255 
depending on the input voltage (a monopolar voltage in 
the range of 0-2.5 volts). The gain control 90 adjusts the 
voltage to provide an average digital output in about the 
middle of the 0-255 range and an offset range (measured 
from positive peak to negative peak of the waveform) 
covering about 80% of the 0-255 range. Sampling of the 
offset signal occurs about every 31 milliseconds as es- 
tablished by the clock rate for the system. This produces 
a digitized respiratory waveform with enough definition 
to be readily analyzed for respiratory phases by the mi- 
croprocessor 75. 



The microprocessor 75 identifies the inspiration 
phase of the waveform so that the system can supply a 
shaped stimulus burst for the duration of that phase at 
the antenna output 100. The microprocessor 75 is cou- 

5 pled to a dual digital/analog converter 1 05 which is also 
coupled at its output to analog circuitry which acts as a 
stimulus shaper 110. These elements work in combina- 
tion to provide a shaped "stimulus window" which con- 
trols when stimulation will be provided and how much 

10 stimulation will be provided at the antenna output 100. 
The RF coupled stimulus burst is provided within this 
window. The microprocessor 75 sets the digital values 
for the digital/analog converter 105. The dual digital/an- 
alog converter 105 is connected in a cascaded arrange- 
rs ment with a first digital/analog section setting the ampli- 
tude of the stimulus pulse (i.e. from 0 to 8 volts in 256 
increments of 32 millivolts) and the second digital/analog 
section setting the shape of the stimulus burst (i.e. the 
shape and duration of the stimulus during a rise time in- 

20 terval and a fall time interval as functions having 0-1 00% 
of full amplitude with eight bit resolution (1/256) for each 
31 millisecond interval of output - typically, a linear ram- 
ping function of 250 millisecond for rise time and a linear 
ramping function of 125 millisecond for fall time is the 

25 default setting, or, to turn the stimulus on more quickly, 
a nonlinear ramping function, such as a sine function, 
could be used). An input 112 to the microprocessor 75 
allows the microprocessor 75 to determine whether the 
stimulus gain is properly controlled. An RF oscillator 115 

30 supplies a 460 kHz square wave signal which is gated 
by the microprocessor 75 to a sinusoidal wave with pre- 
programmed pulse rate and pulse duration (e.g. a rate 
in the range of 20-50 pulses/second; and a duration of 
60-1 00 microseconds) and is combined with the stimulus 

35 window signal from the stimulus shaper 110 to provide 
theshaped stimulus burst at the antenna output 100. The 
maximum oscillator output is a peak-to- valley output of 
8.0 volts. The oscillator is turned on by the output 117 
from the microprocessor 75 which synchronizes the os- 

40 cillator output with the beginning and end of the stimulus 
window. Input 119 to a microprocessor timer interrupt 
controls the timing of the stimulus pulses produced by 
the oscillator 115. 

An RS-232 serial interface 120 allows programma- 

45 ble parameters of the system to be adjusted to conform 
to the needs of the patient through a standard computer 
interface. For example, the stimulus pulse amplitude, 
stimulus pulse duration, stimulus pulse frequency, stim- 
ulus burst duration, and stimulus ramp on/off times can 

50 be adjusted through the interface 120. In addition, the 
interface 120 can be used to store and retrieve various 
data in the system. For example, the patient's name, the 
code number of the hospital or clinic, the prescription 
date and the last follow-up date could be stored in the 

55 EEPROM of the microprocessor and read out as needed 
through the serial interface 120. Further, patient compli- 
ance data and system performance data could be accu- 
mulated by the system and read out through the interface 
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120. For example, the total time the power is on, the 
number of power cycles or reset cycles, the average bat- 
tery voltage and fault detection could be stored in the 
microprocessor 75 and retrieved through the interface 
120 as needed. 

Fig. 7 shows an RF output antenna 125 and lead 
1 30 which would be connected to the transmitter/control- 
ler 55 and an implanted receiving antenna 1 35 and lead 
140 in proper alignment for RF coupling with the output 
antenna 125. 

Fig. 8 shows the control panel 150 for the transmit- 
ter/controller 55. The control panel 1 50 includes an on/off 
switch 152 which allows the patient to turn the stimulation 
on or off. Turning switch 152 on also automatically resets 
and reinitializes the system. A momentary reset button 
154 allows the patient to recycle the software initializa- 
tion. For example, the patient would depress the reset 
button for at least five seconds after arousal to indicate 
that the stimulus should be halted for a short period until 
the patient is again asleep. A power-on LED indicator 
1 56 indicates to the patient that the transmitter/controller 
55 is on while an inspiration LED indicator 158 is illumi- 
nated during the inspiration phase to indicate to the pa- 
tient that the inspiration phase is being correctly detect- 
ed. If desired, the power-on LED indicator 1 56 and inspi- 
ration LED indicator 158 could be combined with the 
combined indicator illuminated during the first five min- 
utes to indicate that the device is on and thereafter illu- 
minated only upon detection of inspiration. The low bat- 
tery LED indicator 160 provides the patient with an indi- 
cation that the batteries require changing well in advance 
of their depletion. (The device uses three AA alkaline bat- 
teries in series and a separate long-life lithium backup 
battery to retain the system clock operation and the pro- 
grammed parameters in the system while the batteries 
are being changed or when the system is turned off.) For 
example, if the system is designed to provide an orderly 
shut down when the battery voltage drops below 3.2 
volts, the indicator 1 60 can be made to turn on when the 
voltage drops below 3.6 volts. This indication would allow 
the patient to replace the batteries and avoid the resump- 
tion of obstructive apnea that may occur if the device 
were to shut down while the patient was asleep. The an- 
tenna LED indicator 162 lights in response to a detected 
disconnect of the RF output antenna 1 25 from the trans- 
mitter/controller 55. The belt LED indicator 164 lights in 
response to a detected disconnect of the respiratory 
transducer 60. 

Figs. 9a and 9b indicate the basic mode of operation 
for the system. The patient's respiratory signal 170 is 
monitored and the inspiratory phase 172 of the signal 
170 is identified from a waveform analysis which finds 
the turning point 173 and the inspiratory peak 174. The 
system then provides a bipolar stimulus burst to the ap- 
propriate upper airway musculature which is synchro- 
nized with the inspiratory phase 172. The shape of the 
stimulus burst is indicated as a stimulus window 175 
which includes a peakamplitude 177 which is specifically 



set by the physician at a level required by the patient, a 
ramp 1 79 gradually increasing the stimulus during a rise 
time and a ramp 181 gradually decreasing stimulus dur- 
ing a fall time. The peak amplitude 177 is monitored by 

5 the microprocessor 75 once per second to determine 
whether it is within 10% of the prescribed value. Ideally, 
the stimulus would have a starting point 1 83 at the same 
time as the turning point 173 and continue to an end point 
1 85 that is exactly at the inspiratory peak 1 74. However, 

10 due to the fact that there is always uncertainty as to 
whether the inspiratory peak 174 has been reached or 
whether the amplitude of the signal will continue to in- 
crease, the end point 185 for the stimulus window 175 
does not occur until the system clearly identifies the peak 

15 by seeing that the signal 170 is on a downward trend. 
Thus, the end point 185 occurs slightly after the inspira- 
tory peak 174. 

Figs 10-17 show details of how the stimulus window 
175 is formed and is synchronized to the inspiratory 

20 phase 1 72 of the signal 1 70. Fig. 1 0 shows a monophasic 
waveform window 200 shaped with a desired amplitude 
voltage 205, a stimulus risetime 207, a stimulus falltime 
208 and a stimulus plateau 209. The length of time for 
which the stimulus plateau 209 is maintained is deter- 

25 mined by the duration of the inspiratory phase 172 of the 
signal 170. In Fig. 11, there is a burst interval 211 be- 
tween the starting point of successive stimulation bursts 
that is determined as shown in Fig. 12 by the interval 
between sensed inspiration from the respiratory signal 

30 1 70. As shown in Figs. 13-15, there are occasional wave- 
form abnormalities caused by coughs or body move- 
ments which should not be allowed to trigger a stimulus 
or cause a stimulus to be continued for a prolonged pe- 
riod. For example, in Fig. 1 3, the presence of a rapid rise 

35 215 in the respiratory signal 1 70 does not trigger a stim- 
ulus burst because a slew rate limit has been placed on 
the method used for inspiration detection. In that in- 
stance, the rate at which the slope of the respiratory sig- 
nal 170 changed was compared with the slew rate limit 

40 and found to be beyond the acceptable range for a de- 
tected inspiration. A subsequent rise 217 in the respira- 
tory signal 1 70 is correctly identified as an inspiration and 
a stimulus pulse 21 9 is produced in response. In Fig. 1 4 
the presence of three rapid, upward deflections 220a, 

45 220b and 220c in the respiratory signal 170 in close suc- 
cession does not trigger a stimulus burst for the second 
220b or third 220c deflections since a refractory limit es- 
tablished by the normal breathing period of the patient 
has not been met for the second 220b and third 220c 

50 deflections. In Fig. 15, an upward deflection 225 in the 
respiratory signal 170 continues for an unusually long 
period of time. Although the stimulus burst 227 is pro- 
duced in response to this deflection 225, it is terminated 
at point 229 after a predetermined period of time. Figs. 

55 16 and 17 show how the RF oscillator provides an RF 
burst that is synchronous with a stimulus pulse. Fig. 16 
shows a control signal (stimulus pulse) 230 which acti- 
vates the RF oscillator to produce an RF square wave 
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signal 232. This signal 232 is then gated by the stimulus 
pulse and combined with the monophasic shaping wave- 
form window 200 to form the actual stimulus burst. Wave 
235 represents the actual gated RF carrier as measured 
at the RF antenna which is delayed by an RF carrier de- 
lay period 237 of about 20-30 milliseconds. 

Many of the functions of the apnea treatment system 
are controlled by the microprocessor 75. One of the most 
important of the microprocessor's functions is to analyze 
the respiratory signal 1 70 to determine when stimulation 
should take place and when it should not. Artifact free 
respiration is typically a periodic signal like the respira- 
tory signal 170 of Fig. 18. In Fig. 18, inspiration is repre- 
sented as an upward deflection 240. Each cycle of the 
respiratory signal 170 can be broken down into three 
phases. The first is the active inspiratory phase T2 which 
is the time from the turn point 242 where inspiration be- 
gins to the peak PK1 where expiration begins. The sec- 
ond phase is the active expiratory phase from the end of 
T2 to the end of T3 which is the time from the positive 
inspiratory peak PK1 to the negative expiratory peak 
PK2. The third phase is the respiratory pause from the 
end of T3 to the end of T4 which is the time from the end 
of an active inspiration to the beginning of the next inspi- 
ration. T1-T4 are monitored by the microprocessor 75. 
T1 is a measure of inspiratory rise time and is a sub-com- 
ponent of the active phase of inspiration. It represents 
the inspiratory rise time to a nominal 75% of peak value. 
T2 is the active inspiratory phase time. T3 is the active 
inspiratory/expiratory phase time. T4 is the length of a 
single respiratory cycle. In order to monitor these values, 
the microprocessor 75 needs to find the inspiratory turn 
point 242, the inspiratory peak PK1, the negative expir- 
atory peak PK2, and the next inspiratory turn point 242a. 
In general, these points are found by various slope 
and/or amplitude criterion. Also monitored by the micro- 
processor are the PK1 and PK2 amplitude values for 
each phase. Average values of these variables may be 
computed and stored in the memory of the apnea treat- 
ment device in order to allow any method used to analyze 
the respiratory waveform or any method used to detect 
the onset of an apnea to adapt to normal variations in 
the waveform that may occur during sleep. 

During the respiratory pause ; an on-line, moving av- 
erage baseline slope value is calculated by the micro- 
processor 75. The baseline slope calculation is an expo- 
nentially weighted average of the prior slopes and is cal- 
culated by summing the preceding eight slope values 
which have been multiplied respectively by the weighting 
factors 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, 1/128, and 1/256. 
The inspiratory turn point 242, 242a is then defined as 
that point where the baseline slope is positive and the 
realtime slope exceeds the baseline slope by a preset 
factor. This factor may be ; for example from about 1 .5X 
to 5X with a factor of about 2X to 4X being preferred. The 
slope threshold must be large enough to exclude any 
cardiac artifact in the respiratory signal 170. Since it is 
possible that the beginning of the inspiratory phase can 



be very gradual, a backup threshold criteria is also used 
to find the point THR1. The threshold is set on every 
phase to be the amplitude of the last detected negative 
peak plus one fourth of the exponentially weighted aver- 
5 age of the prior peak-to-valley amplitudes. The exponen- 
tially weighted average of the prior peak-to-valley ampli- 
tudes is calculated by summing the preceding eight 
peak-to-valley amplitude values which have been multi- 
plied respectively by the weighting factors 1/2, 1/4, 1/8, 
10 1/16, 1/32, 1/64, 1/128, and 1/256. Upon detection of the 
inspiratory turn point, the stimulus burst is enabled. 

Having identified the inspiratory turn point 242, the 
inspiratory rise time T1 is found by comparing the ampli- 
tude of the signal 1 70 with the calculated amplitude value 
15 obtained by taking the amplitude of the last detected neg- 
ative peak and adding three fourths of the exponentially 
weighted average of the prior peak-to-valley amplitudes. 
When the amplitude of the signal 1 70 exceeds these val- 
ues, T1 and THR2 have been found. T1 is then com- 
20 pared with stored maximum and minimum values to de- 
termine whether the detection of inspiration is genuine. 
A T1 value that is less than the minimum value would 
typically correspond to a cough, movement or some oth- 
er transducer artifact. A T1 that is less than the minimum 
25 value will cause the stimulus to be disabled immediately 
as the respiratory signal 170 crosses THR2. This is the 
slew rate limit discussed above. Where T1 is more than 
the maximum permitted value, an error in the detection 
of the inspiratory turn point 242 is probable so that the 
30 stimulus will also be immediately disabled. An exemplary 
minimum value for T1 is 220 milliseconds while an ex- 
emplary maximum value for T1 is the exponentially 
weighted average of T1 from prior respiratory cycles plus 
781 milliseconds. 
35 The inspiration time T2 and inspiration peak PK1 are 
then found at a local maximum of the respiratory signal 
(i.e. the exponential moving average slope of the respi- 
ratory signal goes from positive to negative) with the ad- 
dition of a hysteresis fall-off past the local maximum to 
40 ensure that a peak has been reached (i.e. the exponen- 
tial moving average slope remaining negative at the 
fall-off point). An exemplary fall-off would be 12.5 % of 
the exponentially weighted average of the prior 
peak-to-valley amplitudes. The minimum acceptable val- 
45 ue for T2 determines whether the peak is probably an 
artifact. An exemplary minimum T2 is 750 milliseconds. 
The maximum acceptable value for T2 determines 
whether too great a time has elapsed since the turn point 
to be a valid respiratory signal. The maximum T2 is set 
50 according to historical values for T2. For example, max- 
imum T2 could be the exponential moving average of 
eight preceding T2 values plus 1 093 milliseconds. Upon 
detection of PK1 or the attainment of the maximum per- 
missible T2 value, the stimulus plateau is turned off and 
55 the ramp-down of the stimulus commences. As a safety 
precaution, the total stimulus burst is not allowed to ex- 
ceed 2.5 seconds. This is the duration limit for the stim- 
ulus discussed above. 
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The inspiration/expiration time T3 and the negative 
expiratory peak PK2 are then found at a local minimum 
amplitude with the addition of a hysteresis amount equal 
to ensure that a negative peak has been reached. An 
exemplary hysteresis amount would be 2.125% of the 
exponentially weighted average of the prior peak-to-val- 
ley amplitudes. T3 is checked to determine whether it 
has reached a minimum acceptable value. An exemplary 
minimum T3 is 1 000 milliseconds. The maximum accept- 
able value for T3 is set according to historical values for 
T3 and if T3 is beyond the maximum, the stimulus will 
be disabled for subsequent phases until an acceptable, 
artifact -free respiratory phase is identified. For example, 
maximum T3 could be the exponential moving average 
of eight preceding T3 values plus 1406 milliseconds. 

The respiratory cycle period T4 represents the 
breath-to-breath interval from the last inspiratory onset 
(n-1) to the present inspiratory onset (n). As with other 
waveform parameters, T4 is exponentially averaged. 
This averaged value is used as an adaptive parameter 
to predict the onset of the next breath. Therapeutically, 
it is important that the stimulus burst onset be as close 
to the physiological inspiratory onset as possible. Intrin- 
sically, in a normal subject, the EMG activity of the pha- 
ryngeal muscles precedes the onset of diaphragmatic 
EMG activity. The early pharyngeal activity in essence 
prepares the patency of upper airway to withstand the 
negative pressure created during inspiration. Therefore, 
a predetermined time (e.g. 500 milliseconds) can be sub- 
tracted from the average T4 value to predict the next 
breath and enable stimulation in synchrony with inspira- 
tory effort. Thus, stimulation is preferably enabled by: (1 ) 
the expected commencement of inspiration as computed 
from the T4 average or (2) the detection of a valid inspir- 
atory turn point if that occurs earlier than the computed 
time for the expected commencement of inspiration. 

Initialization of the respiratory signal analysis proc- 
ess occurs when the system is turned on or reset. Initial 
default values are provided for T1 -T4andan initial period 
for baseline calculation/signal assessment and off- 
set/gain adjustment is commenced. For example, default 
parameters can be set as follows: T1 =1 500 milliseconds, 
T2=2500 milliseconds, T3=3750 milliseconds and 
T4=12 seconds. During an initial period of operation, 
stimulus is suppressed (e.g. for about 60 seconds) while 
the system develops baseline data about the waveform. 
The baseline data includes data about the average sig- 
nal that is being received and its overall amplitude. The 
system uses this data to set the respiratory signal into 
the center of the detection range. For example, four (4) 
eight second baseline averages of the waveform are cal- 
culated and are exponentially averaged. This value can 
be used to adjust the baseline of the signal into the center 
of the detection range of the analog/digital converter (i.e. 
an average output of 128 in the range of 0-255). There- 
after, the signal is monitored by further eight second ex- 
ponential averages and adjusted as required to keep it 
centered. The amount of gain for the signal is also initially 



set by taking the highest and lowest peak values detect- 
ed during an eight second period and then roughly ad- 
justing the gain to prevent clipping and to avoid a signal 
that is too small. Thereafter, the gain is controlled by cal- 

5 culating an exponential average of the preceding eight 
positive and negative amplitude peaks differentials de- 
tected in the signal and using that average to adjust the 
amplifier gain to cause the signal to cover about 80% of 
the range of the analog/digital converter. This is accom- 

10 plished by testing the average value against maximum 
and minimum criteria and incrementing and decrement- 
ing the gain control to keep it within a preset maximum 
and minimum. 

Therefore, when the respiratory signal 170 contains 

15 a cough artifact 250 such as that shown in Fig. 19 or a 
movement artifact 252 such as that shown in Fig. 20 the 
waveform analysis described above will differentiate the 
form of the artifacts from the more regular form of normal 
inspiration and ensure that those artifacts will not trigger 

20 inappropriate stimulation. In the event that a long series 
of invalid respiratory cycles is encountered, the stimulus 
is terminated and the system goes through a new cali- 
bration cycle to attempt to synchronize with an arti- 
fact-free signal. 

25 The same waveform analysis can also provide an 
indication of the onset of apnea in the patient in order to 
identify the proper time to turn on stimulation or to deter- 
mine whether stimulation is being effective in producing 
a patent airway. In an ideal diagnostic setting, obstructive 

30 apnea detection involves measuring a respiratory effort 
in the absence of airflow. However, in an easy-to-use 
therapeutic or an implantable device, an airflow meas- 
urement is not easily arrived at. Therefore, respiratory 
effort is used to identify the onset of an apnea episode. 

35 For example, at the onset of an apnea, an airflow meas- 
ure 260 as shown in the graph of inspiratory volume of 
Fig. 21a shows a normal airflow peak 262 followed by 
diminishing peaks 264, 266 and 268 and a return to nor- 
mal air intake at peak 270. The comparison respiratory 

40 signal 170 from Fig. 21b shows the opposite situation 
with respiratory effort being normal at peak 272 while the 
obstructed airway causes the patient to progressively in- 
crease respiratory effort at peaks 274, 276 and 278 in 
an attempt to obtain air. At peak 280, the patient has 

45 aroused himself slightly in response to the apnea, allow- 
ing the airway to open for a normal breath. The waveform 
analysis set forth above can measure the PK1 to PK2 
amplitude and other parameters of the respiratory effort 
waveform shortly after the device is turned on to estab- 

50 Hsh a baseline value for normal, unobstructed breathing. 
These values can then be stored in memory and com- 
pared with the same parameters in each respiratory cy- 
cle to identify the increased inspiratory effort above a 
predetermined threshold value that is characteristic of an 

55 apnea event. The threshold value can be programmed 
into the device according to the requirements of the par- 
ticular patient. Upon detection of the onset of the apnea 
event, stimulation can then be enabled to restore the air- 
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way to patency or the stimulation intensity can be in- 
creased if the intensity of stimulation being given has 
been inadequate to produce patency. 

The waveform analysis can also be used to detect 
arousal of the patient. In a diagnostic setting, an arousal 
is clinically determined using EEG, EOG and EMG sig- 
nals. An awakening arousal is in essence a sleep stage. 
These signals are not readily available in an easy-to-use 
therapeutic device or implantable device. However, an 
analysis of cough and movement artifacts in the respira- 
tory waveform can give an indication of arousal. A res- 
piratory waveform with a typical cough artifact is shown 
in Fig. 19 and a typical movement artifact is shown in 
Fig. 20. The values for T1-T4 and PK1 and PK2 would 
indicate that these waveforms are not from regular res- 
piratory activity. In fact, the rapid rise times and frequent 
positive and negative peaks are characteristic of body 
movement during periods of arousal. Therefore, multiple 
detected T1-T4 values that are shorter than an estab- 
lished threshold value and which are associated with the 
presence of detected multiple peaks PK1 and PK2 would 
constitute a detected arousal. This detected arousal 
could be used to delay the onset of stimulus until the pa- 
tient has returned to sleep. An activity sensor such as 
that used in heart pacemakers can also be included in 
the device and then used to determine arousal of the pa- 
tient. For example, a signal from the activity sensor can 
be monitored and if predetermined amplitude and dura- 
tion thresholds are satisfied, that would constitute a de- 
tected arousal. For even greater accuracy in detecting 
arousal, the activity sensor arousal determination can be 
combined with the respiratory waveform detected arous- 
al. For example, if both the activity sensor and the res- 
piratory waveform indicate arousal, then the stimulation 
to the patient is disabled. The threshold values for arous- 
al determination for both the respiratory waveform and 
the activity sensor can be pre-programmed into the de- 
vice according to the sleep activity of the particular pa- 
tient. 

The block diagram of Fig. 22a-c summarizes the ba- 
sic method for inspiration detection and stimulation in re- 
sponse to inspiration detection. In general, a baseline 
amplitude and offset calculation is established for the 
respiratory effort waveform. The waveform is then 
tracked from the inspiratory onset (i.e. achievement of 
the inspiratory turn point) to expiratory onset (i.e. 
achievement of the inspiratory peak PK1 ) and to expira- 
tory offset (i.e. the achievement of the negative expira- 
tory peak PK2). An adaptive time/morphology filter is 
used to adjust to normal changes in the respiratory pat- 
tern. An average of preceding breath-to-breath intervals 
is used to provide a predicted onset for the next breath 
such that the stimulus can be activated in synchrony with 
the predicted onset and thereby slightly precede the ac- 
tual breath. In the event that the breath is earlier than 
predicted, stimulation is commenced upon detected in- 
spiration onset. Initialization 300 of all system peripheral 
inputs and outputs occurs upon a power-up of the system 



or when a manual reset is activated. A respiratory offset 
calculation 302 is undertaken by sampling the waveform 
and finding an average offset for the DC coupled ampli- 
fiers. The system then synchronizes 305 itself to the 

5 waveform by detecting an expiratory offset. The system 
then undergoes an initialization step 307 in which the 
system tracks several respiratory cycles to set the am- 
plifier gain and establish the normal morphological pa- 
rameters for the waveform. A time reference is also es- 

io tablished with respect to the last inspiratory onset so that 
the a predicted onset can be calculated for the next 
breath. The system then determines whether the appro- 
priate amount of time has elapsed for a predicted onset 
310. If yes, the requirement for stimulus delay 315 is test - 

15 ed and if delay is not required, the stimulus is enabled 
312. If no, the waveform is tested for detection of inspi- 
ration onset 320. If yes for inspiration onset detection, 
the requirement for stimulus delay 325 is tested as well 
as a test for whether the stimulus is already enabled 330. 

20 |f those tests are met, stimulation is enabled 335 and the 
next predicted onset time is calculated 340. After detec- 
tion of inspiratory onset 320, the amplitude threshold val- 
ue (THR2) and rise time (T1) are calculated 345. If the 
rise time is found to be too long 350 stimulation is disa- 

25 bled 352 since the detected inspiration onset is probably 
an invalid onset detection. Similarly, if the rise time is 
found to be too short 355 stimulation is disabled 357 
since the detected inspiration onset is probably an invalid 
onset detection. The system then looks for the expiration 

30 onset (PK1 ) 360 and when detected the stimulus is dis- 
abled. If not detected the time of stimulation is checked 
365 and if it is too long, stimulation is disabled 367. Once 
the expiratory onset (PK1) has been identified, the sys- 
tem looks for expiratory offset (PK2) 370. Once expira- 

35 tory offset detected, the system begins to calculate the 
slope baseline 375 so that the next inspiratory onset can 
be found. The system then begins a new cycle by again 
testing for the predicted inspiratory onset 310. 

Since stimulation of the upper airway can have very 

40 distinct sensations that disturb the patient, it is very im- 
portant that the patient is allowed to get to sleep before 
the onset of stimulation and, if aroused, is able to return 
to sleep without feeling the effects of stimulation. This is 
accomplished by the stimulus delay system shown in 

45 Fig. 23. A stimulus delay controller 400 receives an 
arousal signal from the arousal event detector 405. The 
arousal event detector 405 can be movement detected 
through the waveform analysis as set forth above or it 
can be any other event that would be indicative of an 

50 arousal. For example, the patient may press the reset 
button or may turn the unit off and on to manually indicate 
that he is awake and wishes to delay stimulation. Or, as 
described above, the device itself may contain an activity 
sensor that responds to body movement similar to those 

55 used to detect patient activity in heart pacemakers such 
as the piezoelectric sensor disclosed in U.S. Patent 
4,428,378 issued to Anderson etalorthe position sensor 
used in a neurostimulator as disclosed in U.S. Patent 
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5,031 ,61 8 issued to Mullett. The signal from the arousal 
event detector 405 is received by the stimulus delay con- 
troller 400 and at the same time sends a signal to the 
stimulus output stage 410 which disables the stimulus. 
The stimulus delay controller 400 must then determine 
when and in what manner to resume stimulation. For ex- 
ample, in response to being turned on, the stimulus will 
be completely suppressed for the initialization phase for 
the unit (typically about 60 seconds) and then sup- 
pressed for a period of time ranging from 0 to 20 minutes 
which is preprogrammed into the unit according to the 
needs of the patient. For example, a delay of 1 5 minutes 
may be used to allow the patient to get to sleep initially. 
Or, if the reset button is pushed, a second, prepro- 
grammed delay (which is typically shorter than the pow- 
er-on delay) would be activated which also suppresses 
the stimulation. For example, a 1 to 5 minute delay may 
be sufficient for a sleepy patient. While it may be con- 
venient to completely suppress the stimulation during the 
delay period, it is only necessary to reduce the level of 
stimulation to a stimulation that is below the level of phys- 
iological response that is perceptible to the patient. Re- 
ducing the level of stimulus without suppressing it com- 
pletely can be accomplished by activating a stimulus 
ramp controller 415 which, when activated, reduces the 
stimulus amplitude to a very low value and gradually in- 
creases it over a preselected period of time so that at the 
end of that time, the stimulus provided will be the full stim- 
ulus amplitude programmed into the device. For exam- 
ple, the stimulus could be ramped up over a 30 to 60 
second period depending on the presumed degree of 
wakefulness of the patient. Either a delay with complete 
stimulus suppression or a ramped stimulus can be used 
as desired by the patient. As shown in Fig. 24, in a pre- 
ferred delay system, the delay with complete stimulus 
suppression 425 is combined with the ramp controlled 
stimulus 430 until the full programmed amount of stimu- 
lus 435 is achieved. Also, in a preferred embodiment, the 
stimulus delay controller records and responds to one or 
more parameters characteristic of wakefulness of the pa- 
tient such as the frequency of arousal events, the inten- 
sity of an arousal event or the duration of an arousal 
event so that if the arousal parameter or combination of 
parameters meets preprogrammed criteria, the delay pe- 
riod is automatically adjusted. Thus, for short, frequent 
arousal periods of low intensity (such as the patient turn- 
ing over in his sleep), it can be assumed that the patient 
is very sleepy and only a short delay is provided (e.g. 
about 1 minute with a 30 second ramp time) while in the 
case of longer duration arousal events or more intense 
arousal events (such as the patient getting out of bed), 
it can be assumed that the patient is wakeful and a longer 
delay is provided (e.g. about 5 minutes with a 60 second 
ramp time). The selection of particular parameters or 
combination of parameters will depend on the methods 
chosen to detect arousal and can be readily adjusted by 
those skilled in the art by testing in patients according to 
the principles set forth above. Preferred parameters in- 



clude those which may be derived from the analysis of 
respiratory waveforms as set forth above and activity 
sensing as practiced in activity- responsive heart pace- 
makers. 

5 In one embodiment, five sources of arousal informa- 

tion would be employed in the system to trigger the 
arousal event detector 405: power-on reset, manual re- 
set, position sensor, respiratory waveform, and activity 
sensor. Monitoring of all of these parameters along with 

io controlling stimulation delay can be handled by the mi- 
croprocessor 75. The power-on reset is activated at the 
time the patient retires to bed and causes a 15 minute 
delay in the stimulus delay controller 400. The manual 
reset is activated by the patient to indicate arousal and 

15 causes a 5 minute delay to be provided by the stimulus 
delay controller 400. The position sensor is mounted on 
the respiratory belt where it can determine the position 
of the patient's upper body (i.e. whether the patient is in 
a recumbent or upright posture) and determines whether 

20 the patient's position has changed from a recumbent po- 
sition to a sitting or standing position. Upon detection in 
a change to a standing or sitting posture, arousal is de- 
tected and an 8 minute delay is applied by the stimulus 
delay controller 400. The respiratory waveform is moni- 
es tored with respect to the rise time T1 with the calculation 
of a moving exponential average rise time. When the av- 
erage rise time falls below 250 milliseconds, arousal is 
assumed and the stimulus delay controller 400 provides 
a one minute delay. The piezoelectric activity sensor is 

30 also mounted on a surface of the respiratory belt in order 
to indicate the activity of the patients' body. The sensor 
generates a sensor output due to deflection of the sur- 
face on which it is mounted as compression waves from 
movement of the patient cause that surface to deflect. 

35 The output of the activity sensor is monitored forchanges 
inpatient movement. This can be done by first monitoring 
the output of the activity sensor and computing four eight 
second average levels for sensor output at one minute 
intervals sixteen minutes after power-on reset and aver- 

40 aging the four eight second averages as a baseline ac- 
tivity level for the patient. Thereafter, the sensor is mon- 
itored approximately every second and an exponential 
moving average of the sensor output is computed. When 
the average output reaches a preprogrammed level (e.g. 

45 3-5 times the stored baseline level), arousal is presumed 
and a 30 second delay is applied by the stimulus delay 
controller 400. The output of the stimulus delay controller 
400 is also determined by the interrelationship between 
the arousal detection parameters. For example, during 

50 the 1 5 minute delay following power-on reset, if a manual 
reset is detected, the controller 400 will provide the long- 
er of the remaining 15 minute delay provided by the pow- 
er-on or the 5 minute delay provided by the manual reset 
(i.e. the longer delay will always be favored). In addition 

55 to the delay periods set forth above, the delay provided 
in response to the detected arousal from the respiratory 
waveform and activity sensor is adjusted based on 
number of arousal detections, the duration of the sensed 
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arousal and the time between sensed arousals. For ex- 
ample, if arousal is detected by both respiratory wave- 
form and activity sensor for more than 1 5 seconds, a ma- 
jor arousal is assumed and a two minute delay is provid- 
ed by the controller 400. On the other hand, if the activity 
sensor alone indicates multiple short arousal periods 
(e.g. 3-5 arousals 3-10 seconds apart), it can be as- 
sumed that the patient is merely sleeping restlessly and 
the delay provided by the controller 400 in response to 
the activity sensor can be reduced to 10 seconds. Fur- 
ther, since the device described is programmable, the 
various delay times and other parameters of the system 
as set forth in the example above may be default values 
for the device which maybe programmed to different set- 
tings by the prescribing physician. 

In the event that the patient returns to sleep prior to 
the completion of the delay, the system can monitor for 
an apnea event and resume or increase the stimulation 
in response to the detection of obstructive sleep apnea. 
For example, in one embodiment, the peak-to-peak am- 
plitude of the respiratory effort waveform is monitored 
and an exponential moving average of amplitude calcu- 
lated. When the amplitude in each of three successive 
respiratory cycles exceeds the average amplitude by 
10%, an apnea is assumed and the delay controller 400 
cancels the delay, thereby allowing stimulation to be en- 
abled. To prevent false apnea detection, the device could 
be programmed to maintain the delay after the first de- 
tected apnea until the detection of one to three additional 
apnea episodes (as programmed into the device) over a 
3-5 minute period confirms the detection of the apnea. 

Referring now to the circuit diagrams of Figs. 25-32, 
Fig. 25 shows a low pass filter 450 and a differential low 
pass amplifier 460 for processing the transducer signal 
that is received through a four pin connector 452. One 
line from the connector 454 is connected to the micro- 
processor 75 in order to indicate that the transducer is 
properly connected. Quad op amps 462a, 462b, 462c 
are used in the amplifier 460. The signal output from the 
amplifier 460 goes to the gain control 470 shown on Fig. 
26. The gain control 470 is operated by the microproc- 
essor 75 which selects one or more of the quad analog 
switches 472a, 472b, 472c, 472d to be activated. Resis- 
tors 474a, 474b, 474c 474d are thereby selected or 
deselected from the circuit as required by the microproc- 
essor 75. The resistors 474a-d each have different val- 
ues so that their selection or deselection from the circuit 
causes the gain of the signal to be adjusted. The signal 
output from the gain control 470 goes to the offset control 
480 on Fig. 27. Referring nowto Fig. 27, the analog offset 
is generated by the digital/analog converter 482 which is 
controlled by the microprocessor 75. The resulting am- 
plified and offset respiratory signal is sent to the ana- 
log/digital converter 483 where the signal is digitized and 
sent to the microprocessor 75. The analog/digital con- 
verter 483 is used to provide the microprocessor 75 with 
the information about the waveform such that the micro- 
processor 75 can control signal gain and offset. The mi- 



croprocessor samples and averages the respiratory sig- 
nal from the analog/digital converter 483 over a repre- 
sentative interval (e.g. eight seconds). This calculated 
average offset is then used to determine the DC offset 

5 to be generated through the digital/analog converter 482. 
Exponentially averaged peak/nadir values for valid res- 
piratory signals are used to determine gain through the 
microprocessor gain control lines of figure 26. Fig. 28 is 
a diagram of the stimulus shaping circuitry 490 in which 

10 a dual digital/analog converter converts the signal from 
the microprocessor 75 into a monophasic waveform 
which defines the shape of the stimulus pulse. The first 
stage of the converter 492 receives a digital signal from 
the microprocessor 75 defining the shape of the stimu- 

15 lus, includingthe ramp and plateau portions for the wave- 
form and outputs at a first stage 494 the analog wave- 
form at full gain. The second stage of the converter 496 
receives a digital signal from the microprocessor 75 
which indicates the gain to be applied and the analog 

20 output from the converter reduces the gain of the wave- 
form to its desired level. Voltage level circuitry 497 con- 
trols the output level of the RF signal along with the po- 
tentiometer 498 (to adjust the maximum value of the 
stimulus output) and the first and second converter stag- 
es es 494 and 496. The microprocessor 75 monitors the 
stimulus level output and compares that level to a pre- 
programmed stimulus level characteristic of an overvolt- 
age malfunction such that the stimulus output will be dis- 
abled if it is exceeded. The output signal from this circuit 

30 is used to bias the RF output switching transistor 422 on 
the antenna output circuit of Fig. 30. Referring now to the 
RF oscillator circuit 500 of Fig. 29, microprocessor 75 
turns on the oscillator by activating gate 502 and also 
gates the pulse by activating gate 503. Latch 512 disa- 

35 bles the stimulus output through gate 504 when the reset 
switch 513 is pressed. Latch 514 disables the stimulus 
output through gate 504 when the antenna is removed. 
After either of these events : the stimulus must be re-en- 
abled by the microprocessor 75. The output signal 515 

40 goes to the antenna output circuit 520 in Fig. 30 where 
it is combined with the shaped signal from the stimulus 
shaping circuitry 390 in Fig. 28. In the antenna output 
circuit 520, the signals are combined through an NPN 
power transistor 522 into the desired output signal for the 

45 device at the antenna connector 524. To detect the pres- 
ence of the antenna connection, an antenna detector cir- 
cuit employing an N-channel FET 526 is used with a sig- 
nal output 528 to the latch 514 in Fig. 29 and to the LED 
antenna indicator 1 62 on Fig. 32. Figs. 31 a and 31 b show 

50 the patient-operable resets for the device including a 
power-on reset 530 and manual reset 540 respectively. 
In the power-on reset 530, powering-up the device caus- 
es the reset on the microprocessor 75 to be activated. In 
the manual reset 540, the patient can press the reset 

55 switch 513 to reset the microprocessor 75 and disable 
the stimulus output via latch 514 as shown in Fig. 29. 
Fig. 32 shows indicator circuitry 550 which includes the 
inspiration LED indicator 158 which also responds to a 
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power-on indication when the system is first turned on 
and the low battery LED indicator 160 which are both 
controlled from the microprocessor 75, and the antenna 
LED indicator 162 which light in response to a detected 
disconnect of the RF output antenna. 

In Fig. 33, the system as described above is shown 
as it is used on a patient 600 with an external transmit- 
ter/controller 55, a respiratory transducer 60 in the form 
of a belt 602 around the patient's chest and lead 604 ex- 
tending from the belt 602 to the transmitter/controller 55 
to provide respiratory waveform information to the trans- 
mitter/controller 55. In response to the sensed wave- 
form, transmitter/controller 55 sends stimulus pulses 
through an antenna/electrode system 65 to stimulate an 
upper airway muscle 610 (i.e. the genioglossus muscle) 
of the patient 600. The antenna/electrode system 65 is 
connected to the transmitter/controller 55 by a lead 610 
and output antenna 612. The output antenna 61 2 is cou- 
pled by RF signals 61 5 to a receiving antenna 620 which 
is connected to a stimulation electrode 624 by a lead 622. 
The stimulation electrode 624 is positioned to stimulate 
the hypoglossal nerve 630. 

A device substantially as described above can also 
be implemented in a fully implantable stimulation system 
such as that shown in Fig. 34. In Fig. 34, an implantable 
pulse generator 710 (e.g. a Medtronic ITREL II Model 
7424 modified to include an input from a respiratory sen- 
sor) can be implanted in a patient 700 with respiratory 
sensing from a pressure sensor 715. The Medtronic 
ITREL II implantable neurostimulator has advanced pro- 
grammable features permitting mode changes by trans- 
cutaneous RF telemetry. The patient-controllable pa- 
rameters of the device's operation can therefore be con- 
trolled by the patient through a small, hand-held telem- 
etry device while the physician can preset additional op- 
erational parameters of the device through an external 
programmer. The pressure sensor 715 is dynamic dp/dt 
type of pressure sensor such as that disclosed in U.S. 
Patent 4,407,296 to Anderson or U.S. Patent 4,485,81 3 
issued to Anderson et al. The pressure sensor 71 5 is sur- 
gically implanted in a structure which has pressure con- 
tinuity with the intrapleural space such as the supraster- 
nal notch, the space between the trachea and esopha- 
gus or an intercostal placement. The suprasternal notch 
is a well known structure on the upper chest just above 
the sternum that is an anatomical continuity with the in- 
trapleural space. It is also well known that changes in 
intrapleural pressure provide a characteristic respiratory 
waveform that is very similar in form to that produced by 
the respiratory belt and which could be analyzed in the 
same manner as set forth above to produce synchronous 
stimulation. Additional or substitute methods for respira- 
tory effort detection, include measurement of thoracic 
impedance, intracostal EMG, or diaphragm EMG. Inspi- 
ration-synchronous stimulation is provided from the 
pulse generator 710 through a lead 718 to an electrode 
720 around the hypoglossal nerve 730. 

It will be appreciated by those skilled in the art that 



while the invention has been described above in connec- 
tion with particular embodiments and examples, the in- 
vention is not necessarily so limited and that numerous 
other embodiments, examples, uses, modifications and 
5 departures from the embodiments, examples and uses 
may be made within the scope of the claims. 

Claims 

w 

1 . A device for providing stimulation of an upper airway 
muscle of a patient to relieve an airway obstruction, 
said stimulation synchronized with the inspiratory 
phase of the patient's respiratory cycle, said device 
15 comprising: 

a) monitoring means for monitoring a respira- 
tory effort waveform of the patient for a charac- 
teristic of an inspiratory turn point; and 

20 

b) stimulation means associated with said mon- 
itoring means for commencing stimulation in 
response to a detected inspiratory turn point. 

25 2. The device of claim 1 ; wherein said monitoring 
means comprises: 

(a) slope monitoring means for monitoring the 
respiratory effort waveform of the patient for a 

30 change in slope of the respiratory effort wave- 

form characteristic of an inspiratory turn point; 

(b) amplitude monitoring means for monitoring 
the respiratory effort waveform for a predeter- 

35 mined amplitude characteristic of an inspiratory 

turn point; and 

(c) detecting means associated with said slope 
monitoring means and with said amplitude mon- 

40 itoring means for detecting the first inspiratory 

turn point according to slope or amplitude crite- 
ria. 

3. The device of claim 2 wherein the slope monitoring 
45 means comprises: 

(a) slope averaging means for determining a 
moving average slope for the respiratory effort 
waveform; 

50 

(b) slope determining means for determining a 
current slope for the respiratory effort wave- 
form; and 

55 (c) comparison means associated with said 

slope averaging means and said slope deter- 
mining means for comparing the current slope 
with the moving average slope. 
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4. The device of claim 3 wherein the slope determining 
means comprises: 

(a) sensing means for sensing a signal charac- 
teristic of respiratory effort of the patient; 

(b) sampling means associated with said sens- 
ing means for sampling the sensed signal at a 
predetermined interval to provide a digitized 
respiratory effort waveform; and 

(c) difference means associated with said sam- 
pling means for determining the difference 
between the most recent amplitude value and 
the next most recent amplitude value. 

5. The device of claim 3 or 4 wherein the current slope 
is in the range of about 1.5 to 5 times the moving 
average slope. 

6. The device of any preceding claim further compris- 
ing: 

(a) amplitude determining means for determin- 
ing an average peak-to-valley amplitude for the 
waveform; and 

(b) criteria determining means associated with 
said amplitude determining means for determin- 
ing the predetermined amplitude criteria as a 
function of the average peak-to-valley ampli- 
tude. 

7. The device of claim 6 wherein the amplitude deter- 
mining means comprises: 

(a) sensing means for sensing a signal charac- 
teristic of respiratory effort of the patient; 

(b) sampling means associated with said sens- 
ing means for sampling the sensed signal at a 
predetermined interval to provide a digitized 
respiratory effort waveform; 

(c) peak determining means associated with 
said sampling means for determining the high- 
est and lowest amplitude values of the digitized 
waveform for a plurality of successive respira- 
tory cycles; 

(d) difference means associated with said peak 
determining means for determining the differ- 
ence between the highest and lowest amplitude 
values for each respiratory cycle; and 

(e) averaging means associated with said dif- 
ference means for determining an average of 
the plurality of amplitude value differences. 



8. The device of claim 3, 4 or 5, further comprising: 

phase detecting means associated with said 
comparing means for detecting the inspiratory 
phase according to the slope comparison; 
5 said stimulation means being associated with 

said phase detecting means for commencing and 
concluding stimulation of the upper airway muscle 
according to the detected inspiratory phase. 

10 9. The device of claim 8 wherein said slope average 
determining means comprises: 

(a) amplitude difference means for determining 
a difference between the amplitude value for 

15 each sample interval and its immediately pre- 

ceding sample interval; 

(b) average determining means associated with 
said amplitude difference means for determin- 
es* ing an average difference from a plurality of suc- 
cessive sample intervals; and 

(c) average redetermining means associated 
with said amplitude difference means and said 

25 average determining means for redetermining 

the average at each sample interval. 

1 0. The device of claim 8 or 9 wherein the phase, detect- 
ing means comprises: 

30 

(a) turn point detecting means associated with 
said slope determining means for determining 
an inspiratory turn point from the current slope; 
and 

35 

(b) peak determining means associated with 
said average slope determining means for 
determining an inspiratory peak from the mov- 
ing average slope. 

40 

11. The device of claim 10 wherein the peak determining 
means comprises: 

(a) first negative slope determining means 
45 associated with said average slope determining 

means for identifying when the moving average 
slope first becomes negative; 

(b) timing means associated with said first neg- 
50 ative slope determining means for timing out a 

predetermined interval after the moving aver- 
age slope becomes negative; and 

(c) second negative slope determining means 
55 associated with said timing means for determin- 
ing that the moving average slope is negative at 
the end of the predetermined interval. 
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12. The device of claim 10 wherein the stimulation 
means includes means for concluding stimulation 
immediately upon detection of the inspiratory peak. 

1 3. The device of any preceding claim, further compris- 5 

ing: 

time monitoring means associated with said 
monitoring means for monitoring the time elapsed 
since the detection of the inspiratory turn point; 

peak monitoring means for monitoring the res- 10 
piratory effort waveform for an inspiratory peak; and 

stimulation concluding means associated with 
said peak monitoring means and said time monitor- 
ing means for concluding stimulation upon the ear- 
lier of (1 ) detection of the inspiratory peak or (2) the ?5 
elapse of a predetermined period of time. 

14. The device of claim 13 wherein means for monitor- 
ing for the inspiratory peak comprises: 

20 

(a) negative slope determining means for iden- 
tifying when a moving average slope for the 
waveform first becomes negative; 

(b) timing means for timing out a predetermined 25 
interval; and 



17. The device of claim 16 wherein the monitored 
parameter is selected from the group consisting of 
inspiratory rise time, inspiratory time-to-peak, time 
of inspiratory onset to expiratory offset . inspiratory 
peak-to-peak time, expiratory peak-to-peak time 
and breath-to-breath time. 

18. The device of claim 7, further comprising: 

trigger value determining means associated 
with said average determining means for determin- 
ing an amplitude trigger value as a function of the 
average amplitude difference; 

turn point determining means associated with 
said trigger value determining means and said sam- 
pling means for detecting an inspiratory turn point 
by the attainment of the amplitude trigger value in 
the respiratory effort waveform; 

said stimulation means being associated with 
said turn point detecting means for commencing 
stimulation in response to the detected inspiratory 
turn point. 

1 9. The device of any preceding claim wherein the stim- 
ulation means includes means for commencing 
stimulation immediately upon detection of the inspir- 
atory turn point. 



(c) means associated with said negative slope 
determining means and timing means for deter- 
mining that the moving average slope is nega- 30 
tive at the end of the predetermined interval. 



20. The device of any of claims 1 to 1 8 wherein the stim- 
ulation means includes stimulation delay means for 
commencing stimulation in the next respiratory cycle 
following the detection of the inspiratory turn point. 



15. The device of any preceding claim, further compris- 
ing: 

artifact monitoring means associated with said 35 
monitoring means for monitoring the respiratory 
effort waveform for an artifact not characteristic of 
normal respiratory activity; 

artifact detecting means associated with said 
artifact monitoring means for detecting an artifact in 40 
the waveform; and 

stimulation suppressing means associated 
with said artifact detecting means for suppressing 
stimulation upon detection of the artifact. 

45 

1 6. The device of claim 1 5 wherein the artifact detecting 
means comprises: 

(a) parameter monitoring means for monitoring 
the respiratory effort waveform for at least one 50 
parameter of the waveform characteristic of a 
body movement or a cough; and 



21. The device of claim 20 wherein the stimulation delay 
means comprises: 

(a) cycle time determining means for determin- 
ing a representative respiratory cycle time for 
the patient; 

(b) turn point detecting means for determining 
when the inspiratory turn point is detected; 

(c) stimulation determining means associated 
with said cycle time determining means and 
said turn point determining means for determin- 
ing a time for commencement of stimulation as 
a function of the respiratory cycle time and when 
the inspiratory turn point is detected. 36. The 
device of claim 35 wherein the stimulation com- 
mencement means includes means for com- 
mencing stimulation immediately upon detec- 
tion of the inspiratory turn point. 



(b) comparison means associated with said 
parameter monitoring means for comparing at 55 
least one value for the parameter with a prede- 
termined limit. 



22. An apparatus for providing a respiratory effort wave- 
form for a patient comprising: 

(a) sensing means for sensing a signal having 
an output characteristic of respiratory effort of 
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the patient; 

(b) sampling means associated with said sens- 
ing means for sampling the signal at a predeter- 
mined interval to provide a digitized respiratory 5 
effort waveform; 

(c) offset determining means associated with 
said sampling means for determining an aver- 
age offset for the digitized waveform; io 

(d) output adjusting means associated with said 
offset determining means for adjusting the sig- 
nal output to bring the average offset into the 
center of a predetermined maximum digital 1$ 
range; 

(e) amplitude determining means associated 
with said sampling means for determining an 
average peak-to-peak amplitude for the digi- 20 
tized waveform; and 

(f) amplitude adjusting means associated with 
said amplitude determining means for adjusting 

the average peak-to-peak amplitude to bring the 25 
average peak-to-peak amplitude into the range 
of about 60-90% of the maximum digital range. 

23. The apparatus of claim 22 wherein the predeter- 
mined sampling interval is in the range of 0-1 00 mil- 30 
liseconds. 

24. The apparatus of claim 22 or 23 wherein the prede- 
termined maximum digital range is at least an eight 

bit range. 35 

25. The apparatus of claim 22, 23 or 24 wherein the sig- 
nal output is in the range of about 0-5 volts. 

26. The apparatus of claim 22, 23, 24 or 25 wherein the 40 
offset determining means averages the digitized 
waveform over a period of about eight seconds. 

27. The apparatus of any of claims 22 to 26 wherein the 
offset determining means provides an exponential 45 
average. 

31. 

28. The apparatus of any of claims 22 to 27 wherein the 
amplitude determining means averages the 
peak-to-peak amplitude for about eight respiratory 50 
cycles. 



29. The apparatus of claim 28 wherein the amplitude 
determining means provides an exponential aver- 32. 
age. 55 

30. An apparatus for initializing a respiratory effort 
waveform comprising: 33. 



(a) parameter preselecting means for preselect- 
ing an initial value for a parameter characteristic 
of a valid respiratory effort waveform; 

(b) sensing means for sensing a signal having 
an output characteristic of respiratory effort of 
the patient; 

(c) sampling means associated with said sens- 
ing means for sampling the signal at a predeter- 
mined interval to provide a digitized respiratory 
effort waveform; 

(d) offset determining means associated with 
said sampling means for determining an aver- 
age offset for the digitized waveform; 

(e) output adjusting means associated with said 
offset determining means for adjusting the sig- 
nal output to bring the average offset into the 
center of a predetermined maximum digital 
range; 

(f) amplitude determining means associated 
with said sampling means for determining an 
average peak-to-peak amplitude for the digi- 
tized waveform; 

(g) amplitude adjusting means associated with 
said amplitude determining means for adjusting 
the average peak-to-peak amplitude to bring the 
average peak-to-peak amplitude into the range 
of about 60-90% of the maximum digital range; 

(h) parameter determining means associated 
with said sampling means, said offset adjusting 
means and said amplitude adjusting means for 
determining a value for the parameter from the 
adjusted waveform; 

(i) parameter averaging means associated with 
said parameter preselecting means and said 
parameter determining means for averaging the 
determined parameter value with the prese- 
lected initial value. 

The apparatus of claim 30 wherein the parameter is 
selected from the group consisting of inspiratory rise 
time, inspiratory time-to-peak, time of inspiratory 
onset to expiratory offset, inspiratory peak-to-peak 
time, expiratory peak-to-peak time and 
breath-to-breath time. 

The apparatus of claim 31 wherein the parameter is 
inspiratory rise time and the initial value is in the 
range of about 1200 to 1800 milliseconds. 

The apparatus of claim 31 wherein the parameter is 
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inspiratory time-to-peak and the initial value is in the 
range of about 2000 to 3000 milliseconds. 

34. The apparatus of claim 31 wherein the parameter is 
time of inspiratory onset to expiratory offset and the 
initial value is in the range of about 3000 to 4500 
milliseconds. 

35. The apparatus of claim 31 wherein the parameter is 
selected from the group consisting of inspiratory 
peak-to-peak time, expiratory peak-to-peak time 
and breath-to-breath time and the initial value is in 
the range of about 10 to 15 seconds. 

36. The apparatus of any of claims 30 to 35 wherein the 
predetermined sampling interval is in the range of 
0-100 milliseconds. 

37. The apparatus of any of claims 30 to 36 wherein the 
predetermined maximum digital range is at least an 
eight bit range. 

38. The apparatus of any of claims 30 to 37 wherein the 
signal output is in the range of about 0-5 volts. 

39. The apparatus of any of claims 30 to 38 wherein the 
offset determining means averages the digitized 
waveform over a period of about eight seconds. 

40. The apparatus of claim 39 wherein the offset deter- 
mining means provides an exponential average. 

41. An apparatus for determining the validity of a respi- 
ratory effort waveform from a signal having non-res- 
piratory artifacts comprising: 

(a) monitoring means for monitoring a respira- 
tory effort waveform of the patient for at least 
one parameter of the waveform characteristic of 
a non-respiratory artifact; and 

(b) comparison means associated with said 
monitoring means for comparing the parameter 
value with a predetermined limit. 

42. The apparatus of claim 41 wherein the parameter is 
selected from the group consisting of inspiratory rise 
time, inspiratory time-to-peak, time of inspiratory 
onset to expiratory offset, inspiratory peak-to-peak 
time, expiratory peak-to-peak time and 
breath-to-breath time 

43. The apparatus of claim 42 wherein the inspiratory 
rise time is more than about 220 milliseconds and 
less than a baseline average for the parameter plus 
an amount in the range of about 625 to 950 millisec- 
onds. 



44. The apparatus of claim 42 wherein the inspiratory 
time-to-peak is more than about 750 milliseconds 
and less than a baseline average for the parameter 
plus an amount in the range of about 875 to 1300 

5 milliseconds. 

45. The apparatus of claim 42 wherein the time of inspir- 
atory onset to expiratory offset is more than about 
1 000 milliseconds and less than a baseline average 

io for the parameter plus an amount in the range of 
about 11 25 to 1700 milliseconds. 

46. The apparatus of claim 42 wherein the inspiratory 
peak-to-peak time is more than about 2000 millisec- 

15 onds and less than a baseline average for the 
parameter plus an amount in the range of about 
2000 to 4000 milliseconds. 

47. The apparatus of claim 42 wherein the expiratory 
20 peak-to-peak time is more than about 2000 millisec- 
onds and less than a baseline average for the 
parameter plus an amount in the range of about 
2000 to 4000 milliseconds. 

25 48. The apparatus of claim 42 wherein the 
breath-to-breath time is more than about 2000 milli- 
seconds and less than a baseline average for the 
parameter plus an amount in the range of about 
2000 to 4000 milliseconds. 

30 

49. The apparatus of any of claims 41 to 48 also com- 
prising averaging means associated with said mon- 
itoring means and said comparison means for aver- 
aging multiple values for the parameter and compar- 
es ing the average with the predetermined limit. 

50. The apparatus of any of claims 41 to 49 also com- 
prising adjusting means associated with said moni- 
toring means and said comparison means for adjust - 

40 jng the predetermined limit according to the require- 
ments of the patient. 

51. The apparatus of any of claims 41 to 50 wherein the 
monitoring means and comparison means include 

45 means for monitoring and comparing multiple 
parameters of the waveform. 

52. A medical device for treating obstructive sleep 
apnea in a patient by electrical stimulation of mus- 

50 cles of the upper airway comprising: 

(a) apnea detection means for detecting an 
apnea, said means comprising: 

55 (1 ) monitoring means for monitoring a res- 

piratory effort waveform for a parameter 
characteristic of the patient's level of respi- 
ratory effort; 
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(2) averaging means associated with said 
monitoring means for averaging a plurality 
of values of the parameter taken from suc- 
cessive respiratory cycles, said average 
providing a baseline average for the param- 5 
eter; 

(3) limit generating means associated with 
said averaging means for generating a limit 
value from the baseline average; io 

(4) comparison means associated with said 
monitoring means and said limit generating 
means for comparing a value of the param- 
eter with the limit value; and 1$ 

(b) stimulation means associated with said 
apnea detection means for applying electrical 
stimulation upon detection of the apnea at a 
level which restores patency in the airway. 20 

53. The medical device of claim 52 wherein the param- 
eter is a peak amplitude of the waveform. 

54. The medical device of claim 53 wherein the peak 25 
amplitude of the waveform is the difference in ampli- 
tude between an inspiratory peak and an expiratory 
peak of the waveform in a respiratory cycle. 

55. The medical device of any of claims 52 to 54 wherein 30 
the average value is generated as an exponential 
moving average value. 

56. The medical device of any of claims 52 to 55 wherein 

the limit value is in the range of about 11 5% to 150% 35 
of the baseline average. 

57. The medical device of any of claims 52 to 56 wherein 
the apnea detection means also comprises means 

for comparing values of the parameter with the limit 40 
value in two to five successive respiratory cycles. 

58. The medical device of any of claims 52 to 57 wherein 
the means for detecting apnea also comprises 
means associated with said monitoring means and 45 
said averaging means for detecting an increase in 
values of the parameter for each of two to five suc- 
cessive respiratory cycles. 

50 
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